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Engineered spatial inversion symmetry breaking in 
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E. D. Mishinad, N. E. Sherstyukd, N.A. Ilyind, J. Hadermanne, D. Ledermanf, J. B. 
Claridgea*, and M. J. Rosseinskya*, 
The oxide heterostructure [(YFeO3)5(LaFeO3)5]40, which is magnetically ordered and 
piezoelectric at room temperature, has been constructed from two weak ferromagnetic AFeO3 
perovskites with different A cations using RHEED-monitored pulsed laser deposition. The 
polarisation arises through the removal of inversion centres present within the individual 
AFeO3 components. This symmetry reduction is a result of combining ordering on the A site, 
imposed by the periodicity of the grown structure, with appropriate orientations of the 
octahedral tilting characteristic of the perovskite units themselves, according to simple 
symmetry-controlled rules. The polarisation is robust against A site interdiffusion between the 
two layers which produces a sinusoidally modulated occupancy that retains the coupling of 
translational and point symmetries required to produce a polar structure. Magnetization and 
magneto-optical Kerr rotation measurements show that the heterostructure’s magnetic structure 
is similar to that of the individual components. Evidence of the polarity was obtained from 
second harmonic generation and piezoelectric force microscopy measurements. Modeling of 
the piezoresponse allows extraction of d33 (approximately 10 pC/N) of the heterostructure, 
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X-ray diffraction was carried out using a Panalytical X’Pert 
Pro MRD equipped with a four bounce Ge (220) 
monochromator.  
High angle annular dark field scanning transmission electron 
microscopy (HAADF-STEM) images were acquired on an 
FEI Titan 50–80 microscope equipped with a probe 
aberration corrector and operated at 300 kV. The sample was 
prepared with focused ion beam (FIB) on a Helios NanoLab 
650. 
The magnetization of the films grown on SrTiO3 substrates 
was measured in a MPMS SQUID magnetometer (Quantum 
Design) at room temperature with the applied field parallel 
and perpendicular to the film surface. 
Magnetic hysteresis loops of the films grown on DyScO3 
were recorded using the magneto-optical Kerr effect 
(MOKE) in a setup equipped with an electromagnet capable 
of producing magnetic fields of up to 20 kOe in longitudinal 
geometry at room temperature. A 40 mW 409 nm laser was 
used with an angle of incidence of 14 with respect to the 
substrate plane. The initial beam was linearly polarized 
perpendicular to the plane of incidence (S-polarization) and 
modulated by a photoelastic modulator at f = 50 kHz. The 
second harmonic component, 2f, proportional to the angle of 
the Kerr-rotation, was extracted by a lock-in amplifier from 
the intensity of the reflected light. 
Second harmonic generation was measured at room 
temperature using an 800 nm Ti-sapphire laser at a repetition 
rate of 82 MHz, the pulse average power and duration were 5 
- 30 mW and 100 fs, respectively. The fundamental beam, 
whose polarization was varied with a half-wave plate, was 
focused onto the sample with the minimal cross-section of 
about 20 μm at the angle of incidence of 45. SHG polar 
dependence was measured with the analyzer fixed at a 
polarization parallel (P) to the plane of incidence, and with 
the substrate edges fixed parallel to the analyzer position (=at 
45 degrees to the in-plane axis of the polar domain). The 
input polarization was rotated continuously by 3600 degrees 
starting from polarization  parallel (P) to the plane of 
incidence. A schematic of the geometry used for this 
experiment is presented on Figure S12. 
The piezoelectric properties of the samples were 
characterized using a modified piezoelectric force 
microscopy (PFM) technique26. The samples were patterned 
with interdigitated electrodes using optical lithography, 
forming an alternating sequence of electrical ground and 
potential lines. The electrodes were Ti 20 nm / Au 80 nm 
with a width and spacing of 30 µm each. For the PFM-based 
measurements, the voltage was applied directly to the 
interdigitated electrodes and the lateral and vertical sample 
surface displacements were measured by monitoring the 
cantilever displacements using calibrated lock-in techniques. 
The sensitivities of the vertical and lateral signals were 
calibrated using a piezo stack which was in turn calibrated 
using an accurate laser Doppler vibrometer. For the lateral 
signal, the displacements measured in this work lie in the 
linear region, below the onset of tip-surface sliding, as we 
have verified. The vertical signal also lies in the linear region 
with indentation of the tip into the surface being negligible. 
For displacement profile measurements the excitation voltage 
had 1 V amplitude at 10 kHz. The measurement frequency 
was chosen away from any cantilever resonance. For the 
scanning mode, to increase the signal to noise ratio, the 
imaging was done at a cantilever resonance frequency, 
typically around 320 kHz. In this case, the PFM imaging is 
restricted to measurements of the vertical displacement. 
All the crystal structures presented in this work were drawn 
using the program VESTA27. 
 
Superlattices were constructed in supercells based on the 
GdFeO3 structure (√2ap× n ap× √2ap, ap ≈ 3.9 Å). Spin 
polarized calculations on Fe containing compounds were 
performed with G-type antiferromagnetic ordering consistent 
with the parent materials. The unit cell and atomic positions 
were optimized until the forces acting on each atom were less 
than 0.001 eV/Å. The fully relaxed structures were 
symmetrized using the FINDSYM programme28 and the 
symmetric structures then further optimized to give a final 
structure. The resulting tight level of convergence was 
required to allow for an accurate calculation of the 
polarization for each structure. 
Periodic density functional theory calculations were 
performed using the PBE functional29 with the addition of an 
on-site Hubbard term for Fe with Ueff = 4 eV30. A plane-
wave cutoff energy of 550 eV was used, and a k-point grid of 
6 × 6 × 4 for the 1-1 structures (the number of k-points in the 
c direction was reduced according to the height of the 
supercell). The geometry optimization calculations were 
performed using VASP31 and the projector augmented wave 
method32.  
Following geometry optimization, the static polarization was 
calculated in three ways. In the simplest method, the 
polarization was calculated using nominal static charges on 
each of the ions (Ln3+, Y3+, Fe3+, Ga3+, O2-), and calculating 
their displacement away from a non-polar reference structure 
with Cmmm symmetry for odd and C2/m symmetry for even 
structures. Electronic effects were then included by using 
calculated Born effective charges in place of the static 
nominal charges. These were calculated for the final polar 
structure using density functional perturbation theory as 
implemented in VASP33. Finally, the polarization was also 
calculated for certain structures using the Berry phase 
method using the Quantum Espresso code34 using the VASP 
optimised structure and equivalent DFT settings. These three 
methods are described in more detail in a recent review35. 
The relaxed-ion piezoelectric tensor was calculated using the 
implementation in VASP. 
Classical force-field calculations were using the General 
Utility Lattice Programme (GULP)36. The force-field was 
constructed from a long range electrostatic part, which uses a 
shell model37 to include a level of polarisability, and short-
range Buckingham potentials38 acting between pairs of ions, 
excluding cation-cation pairs. The parameters for the 
potential were chosen from previous literature39, 40, and tested 
on bulk YFeO3 and LaFeO3. Experimental cell parameters 
for these orthoferrites were reproduced with a maximum 
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characterization, magnetic measurement, nonlinear optical measurements, 
electrical characterization and piezoelectric force microscopy can be 
found in the Supplementary Information. See DOI: 10.1039/b000000x/ 
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